Horizontal cells mediate inhibitory feed-forward and feedback communication in the outer retina; however, mechanisms that underlie transmitter release from mammalian horizontal cells are poorly understood. Toward determining whether the molecular machinery for exocytosis is present in horizontal cells, we investigated the localization of syntaxin-4, a SNARE protein involved in targeting vesicles to the plasma membrane, in mouse, rat, and rabbit retinae using immunocytochemistry. We report robust expression of syntaxin-4 in the outer plexiform layer of all three species. Syntaxin-4 occurred in processes and tips of horizontal cells, with regularly spaced, thicker sandwich-like structures along the processes. Double labeling with syntaxin-4 and calbindin antibodies, a horizontal cell marker, demonstrated syntaxin-4 localization to horizontal cell processes; whereas, double labeling with PKC antibodies, a rod bipolar cell~RBC! marker, showed a lack of co-localization, with syntaxin-4 immunolabeling occurring just distal to RBC dendritic tips. Syntaxin-4 immunolabeling occurred within VGLUT-1-immunoreactive photoreceptor terminals and underneath synaptic ribbons, labeled by CtBP20RIBEYE antibodies, consistent with localization in invaginating horizontal cell tips at photoreceptor triad synapses. Vertical sections of retina immunostained for syntaxin-4 and peanut agglutinin~PNA! established that the prominent patches of syntaxin-4 immunoreactivity were adjacent to the base of cone pedicles. Horizontal sections through the OPL indicate a one-to-one co-localization of syntaxin-4 densities at likely all cone pedicles, with syntaxin-4 immunoreactivity interdigitating with PNA labeling. Pre-embedding immuno-electron microscopy confirmed the subcellular localization of syntaxin-4 labeling to lateral elements at both rod and cone triad synapses. Finally, co-localization with SNAP-25, a possible binding partner of syntaxin-4, indicated co-expression of these SNARE proteins in the same subcellular compartment of the horizontal cell. Taken together, the strong expression of these two SNARE proteins in the processes and endings of horizontal cells at rod and cone terminals suggests that horizontal cell axons and dendrites are likely sites of exocytotic activity.
Introduction
The photoreceptor triad is a synaptic complex composed of a photoreceptor terminal, bipolar cell dendrite~s! and horizontal cell endings and forms the initial site of information transfer in the visual system. The photoreceptor presynaptic terminal is highly specialized, consisting of a synaptic ribbon, a large number of synaptic vesicles and a unique set of ribbon, and vesicular and synaptic proteins that mediate a graded release of glutamate.
Structurally, the triad is characterized by an invaginating ONbipolar cell dendrite~s! that is flanked by two horizontal cell endings. Outside the invagination, OFF-bipolar cell dendrites form basal contacts primarily at cone terminals but also at some rod spherules~Hack et al., 1999!.
Horizontal cells are interneurons of the outer retina that project laterally within the OPL to contact multiple photoreceptor terminals. In most mammals, there are two types of horizontal cells: the A-type that is axonless with thick processes and the B-type that is axon-bearing and possesses finer processes. In rodents, there is only one morphological type, the B-type~Peichl & González-Soriano, 1994 !. The dendrites of both types of horizontal cells make contact with cone terminals, whereas the axon terminal processes of the B-type innervate those of rods~Peichl et al., 1998!. Although there is general agreement that horizontal cells mediate inhibitory feedback in part to generate receptive field surrounds in the outer retina and set the synaptic gain at the triad synapse~Peichl et al., 1998!, the nature of how these cells signal to their postsynaptic partners is poorly understood in the mammalian retina.
The localization of a vesicular GABA transporter~VGAT! to horizontal cell processes in primate and rodent retinae~Haverkamp et al., 2000; Cueva et al., 2002 ! suggested that mammalian horizontal cells release transmitter in a vesicular manner. Indeed, horizontal cell endings in the synaptic triad contain small numbers of small, clear-core vesicles, though they lack conventionally defined presynaptic membrane specializations. GABA receptors have been localized to possible postsynaptic targets in the outer plexiform layer, such as bipolar cell dendrites~Vardi et al., 1998; Wässle et al., 1998! and cone photoreceptor terminals in cat, mouse, rat, and pig retinae~Vardi et al., 1992; Picaud et al., 1998; Pattnaik et al., 2000 !. Previously we have demonstrated the cellular and subcellular localization of vesicular release proteins, syntaxin1a, complexin-I0II, and synapsin I to horizontal cell processes in the triad synapse of rod and cone photoreceptors~Hirano et al., 2005a!, suggesting that the molecular machinery for exocytosis is present. This vesicular mechanism differs from a previously established GABA plasmalemmal transporter mechanism described for non-mammalian horizontal cells~Schwartz, 2002!.
Syntaxins are a family of membrane-associated proteins~Ben-nett et al., 1993! that bind to synaptosome associated protein of 25 kD~SNAP-25! and synaptobrevin0VAMP~vesicle associated membrane protein! to form the core SNARE~soluble N-ethylmaleimidesensitive factor attachment protein receptor! complex~Rizo & Südhof, 2002; Jahn & Scheller, 2006 ! that drives membrane fusion of vesicles. Syntaxins confer target membrane specificity through the use of various isoforms, with syntaxins 1-4 targeting to the plasma membrane~Chen & Scheller, 2001!. Sherry et al.~2006! reported the unique distributions of these syntaxin isoforms in the mouse retina: syntaxin-1 and -2 in amacrine cells and their processes but in a non-overlapping fashion; syntaxin-3 in ribbon synapses of photoreceptors and bipolar cells; and syntaxin-4 to horizontal cells. To further explore the possible mechanism of vesicular release of transmitter from mammalian horizontal cells, we studied the cellular and subcellular localization of syntaxin-4 in several mammalian species. We find that syntaxin-4 is prominently expressed in processes and tips of horizontal cells in mouse, rat, and rabbit retinae in the same cellular compartment as SNAP-25 and confirm the subcellular localization to horizontal cell processes at photoreceptor terminals in the mouse retina. Some of the results have been presented in abstract form~Hirano et al., 2006!.
Materials and methods
Adult C57BL06 mice~20-30 g!, Sprague-Dawley rats~250-300 g! and New Zealand White rabbits~3-4 kg! of either sex were used for these studies. All experiments were performed in accordance with the guidelines for the welfare of experimental animals issued by the United States Public Health Service Policy on Human Care and Use of Laboratory Animals~2002!, the University of California, Los Angeles~UCLA! Animal Research Committee, and the Max Planck Society and the Federal Government of Germany. Following deep anesthesia with 1% to 3% isofluorane~rodents; IsoFlo, Abbott Laboratories, Abbott Park, IL! or ketamine-xylazine~30 mg0kg ketamine intraperitoneally~i.p.!, Ketajet, Phoenix Scientific, Inc.~St. Joseph, MO!; 3 mg0kg xylazine i.p., Xyla-jet, Phoenix Scientific, Inc.! followed by pentobarbital~rabbits; 100-200 mg0kg intravenously, Nembutal, Abbott Laboratories!, the eyes were enucleated, and the anterior chamber and lens were removed. The eyecups were immersion-fixed in 4%~w0v! paraformaldehyde~PFA! in 0.1 M phosphate buffer~PB!, pH 7.4, for 15-30 min or in 2% PLP~2%~w0v! PFA, 1.37%~w0v! D, L-lysine, 0.214%~w0v! sodium periodate~NaIO 4 !! for 20 min, cryoprotected in graded~10% to 30%! or 30% sucrose, and sectioned vertically at 12-14 mm on a cryostat onto gelatin-coated slides. For sliding microtome sections, the retina was isolated, flattened, and cut parallel to the vitreal surface at 30-µm thickness to obtain horizontal sections of retina. Free-floating sections were stored in 0.1M PB at 48C until antibody staining and processed similarly to vertical sections, except that free-floating sections were incubated in primary antibody for several days at 48C with gentle agitation.
Antibodies
Primary antibodies and their dilutions were as follows: rabbit polyclonal antibodies against syntaxin-4~1:100-1:100000.3-3 mg0 mL, typically 1:40000.75 mg0mL, Chemicon, Temecula, CA, AB5330!, mouse monoclonal antibody against Calbindin-28K 1:2000-1:5000, Sigma~St. Louis, MO!, C9848, clone CB-955!, mouse monoclonal antibody against protein kinase Ca~PKCa, 1:1000, Biodesign, Saco, ME, K01107M, clone MC5!, mouse monoclonal antibody against C-terminal binding protein-20RIBEYẼ CtBP20RIBEYE, 1:200, BD Transduction Laboratories, San Jose, CA!, mouse monoclonal antibody to SNAP-25~1:20,000, Synaptic Systems, Göttingen, Germany, 111 011!, and a guinea pig polyclonal antibodies to vesicular glutamate transporter 1~VGLUT1, 1:20,000, Chemicon, AB5905!. The antibodies used in this study are listed in Table 1 . Chemicals used were purchased from Sigma unless otherwise noted.
Controls for the antibodies
Preadsorption of the syntaxin 4 antibody with the cognate peptide blocked all specific immunoreactivity~Fig. 1D!. Western blot analysis using the same antibody on mouse retina and brain tissuẽ Sherry et al., 2006! 
Light microscopy
Immunostaining was performed using the indirect fluorescence method~Grünert & Wässle, 1993; Sassoé-Pognetto et al., 1994 !. In brief, retinal sections were incubated in primary antibody diluted in 3% normal goat serum~Invitrogen, Carlsbad, CA!, 1% bovine serum albumin, 0.5% Triton X-100, 0.05% sodium azide~NaN 3 !, 0.1M PB, for 12 to 16 h at room temperature. The specific immunolabeling was visualized using Alexa Fluor 488-, 568-or 594-conjugated anti-rabbit, mouse, or guinea pig IgG secondary antibodies~Molecular Probes, Carlsbad, CA! at 1:500 dilutions for 1 h at room temperature. For labeling of cone photoreceptors, sections were incubated in fluorescein isothiocyanate~FITC!-conjugated PNA~FITC-PNA, 1:400, Vector Labs, Burlingame, CA! for 1 h, after primary antibody labeling. The immunostaining was examined on a Zeiss Laser Scanning Microscope 510 Meta~LSM 510, Carl Zeiss, Inc., Thornwood, NY, USA! with Zeiss 40 ϫ 1.3 NA Plan-NEOFLUAR oil and C-Apochromat 40 ϫ 1.2 NA corrected water objectives. Typically, stacks of 3 images~n ϭ 3-7, 2048 ϫ 2048 pixels! of 1.0-µm thickness~0.9-µm green channel, 1.0-1.2-µm red channel! were collected, separated by z-steps of 0.3 mm~range ϭ 0.3-0.5 mm!. Exceptions to this are noted in the figure legends. Confocal images were analyzed using the Zeiss LSM 510 proprietary software~ver-sion 3.2!. Intensity levels and brightness0contrast were adjusted in Adobe Photoshop CS v.8.0~Adobe Systems, San Jose, CA!.
Pre-embedding immunoelectron microscopy
Immunolabeling was performed by using pre-embedding immunoelectron microscopy techniques, as previously described~Brand-stätter et al., 2004!. In brief, the eyecups were fixed for 50 min in 4%~w0v! PFA, the retinae were removed, cryoprotected in graded sucrose, and frozen and thawed three times to improve antibody penetration. Vibratome sections were cut at 50 mm-thickness into cold PBS, pH 7.4. The primary antibody against syntaxin-4 was used at 1:1000 and diluted in the same media used for light microscopy, except that Triton X-100 was omitted, and the sections were incubated for four days at 48C. Immunolabeling was visualized by the ABC method~Vectastain Elite ABC kit, Vector Laboratories, Burlingame, CA! using 3,3
' -diaminobenzidine~DAB! as substrate. The DAB reaction product was silver intensified and gold toned, and the tissue was flat embedded in Epon 812~Serva, Heidelberg, Germany!. Ultrathin sections were cut and then contrasted with uranyl acetate and lead citrate. The ultrathin sections were examined and photographed with a Zeiss EM10 electron microscope~Zeiss, Oberkochen, Germany! and a GATAN BioScan digital camera~1024 ϫ 1024 pixel; GATAN, Munich, Germany! in combination with the software program DIGITAL MICROGRAPH 3.1~GATAN!.
Results

Syntaxin-4 immunolabeling occurs largely in the outer plexiform layer of mouse, rat and rabbit retinae
Syntaxin-4 antibodies were applied to vertical cryostat sections of mouse, rat, and rabbit retinae. The principal immunolabeling in the retina occurred in the outer plexiform layer~OPL! in all three species~Fig. 1!. There was strong globular immunoreactivity at the end of labeled stalks of putative horizontal cell processes. Deeper in the OPL, there were prominent densities of syntaxin-4 immunoreactivity, spaced at regular intervals along the OPL~ar-rows!. In mouse retina, these syntaxin-4 structures resembled sandwiches, reminiscent of glutamate receptor labeling at cone pedicle bottoms~Haverkamp et al., 2000!. In mouse and rat retinae, but not in rabbit retina, there were also fine processes in the inner plexiform layer~IPL! and very sparse amacrine cell somata labeled in the proximal inner nuclear layer~INL, data not shown!. Syntaxin-4 immunolabeling in the inner retina will not be further characterized in this report.
Syntaxin-4 immunoreactivity localizes to horizontal cells
To confirm that syntaxin-4 immunoreactivity corresponded to processes of horizontal cells, double label experiments with antibodies to syntaxin-4 and calbindin, a horizontal cell marker~Röhren-beck et al., 1987; Massey & Mills, 1996; Hirano et al., 2005a ! were conducted. Similar results were obtained in all three species examined and the data from mouse retina are shown~Fig. 2!. Calbindin antibodies labeled the horizontal cells in their entirety: soma, processes, and endings that invaginate photoreceptor terminals~Fig. 2A!. Syntaxin-4 antibodies labeled the horizontal cell endings and sandwiches, as well as faint outlines of horizontal cell bodies~Fig. 2B!. In the merged image, the syntaxin-4 immunoreactivity~Fig. 2C! colocalized precisely with the processes and endings of horizontal cells.
Syntaxin-4 does not localize to rod bipolar cell dendrites
To exclude the possibility that some of the syntaxin-4 labeled endings in the OPL correspond to the dendrites of ON bipolar Syntaxin-4 in mammalian horizontal cellscells, which also invaginate photoreceptor terminals, retinal sections were double labeled with antibodies to syntaxin-4~Fig. 3A! and protein kinase Ca~PKCa, Fig. 3B !, a marker for rod bipolar cells~RBC, Negishi et al., 1988; Greferath et al., 1990; !. Similar results were obtained in all three species examined and the data from mouse retina are shown. The syntaxin-4 immunoreactivity in the OPL occurs just distal or adjacent to the dendrites of the RBCs~Fig. 3C!, suggesting that the syntaxin-4-containing tips were only those of the horizontal cells and that rod bipolar cell dendrites do not contain syntaxin-4. Note in the three-fold magnified insets of the OPL the syntaxin-4 immunoreactivity is distinct in shape adjacent to the thin process-like PKC-labeled bipolar cell dendrite.
Syntaxin-4 is present within the triad synapse
To demonstrate that the syntaxin-4 immunoreactivity occurs in the horizontal cell processes within the triad synapse of photoreceptor terminals, double label experiments with syntaxin-4 and two markers of photoreceptor terminals, the VGLUT1~Johnson et al., 2003; Figs. 5D to 5F, horizontal sections of rabbit OPL are shown. The FITC-PNA-labeled cone pedicle bottoms~green! and the hotspots of syntaxin-4 immunoreactivity within horizontal cell processes~red! can be observed in the top and middle panels, respectively. The merged image in Fig. 5F demonstrated that the labels occur in the same patches and that the syntaxin-4 endings appear to interdigitate between the gaps in the cone pedicle bottoms. This observation is consistent with the cellular localization of syntaxin-4 to horizontal cell endings at cone photoreceptors, and not in the cone pedicles themselves.
Syntaxin-4 locates ultrastructurally to lateral elements at the photoreceptor triad synapse
Pre-embedding immuno-electron microscopy on mouse retina confirmed strong syntaxin-4 labeling in the lateral elements arising from horizontal cells within rod~Figs. 6A to 6B! and cone terminals~Figs. 6C to 6D!, with no labeling in the photoreceptor terminal and the invaginating bipolar cell process at triad synapses. Sometimes only one~Figs. 6A and 6C! and sometimes both Figs. 6B and 6D! lateral elements at the triad synapse were labeled. This labeling pattern is commonly observed in preembedding electron microscopy and is likely because of technical reasons regarding antibody penetration into the tissue and the limits imposed by the determination of labeling specificity. There is strong syntaxin-4 immunolabeling underneath cone pedicles in presumed horizontal cell processes, consistent with the observations made at the light microscopic level. However, it is not clear whether syntaxin-4 immunolabeling occurs at desmosome-like junctions between horizontal cell processes~Haverkamp et al., 2000! as strong immunolabeling obscured the junctions, identified by their electron-dense appearance. Weaker immunolabeling that permitted identification of desmosome-like junctions did not yield clear syntaxin-4 immunoreactivity at these sites; however, it is difficult to discriminate whether this observation arose from the actual lack of the protein or a technical problem of understaining.
Syntaxin-4 and SNAP-25 immunoreactivities co-localize in horizontal cell processes and endings
The target-SNAREs, syntaxin and SNAP-25, and a vesicle-SNARE, synaptobrevin0VAMP, combine to form the core SNARE complex, and the formation of this complex drives membrane fusion of synaptic vesicles during exocytosis~Südhof, Wang & Tang, 2006 !. Thus, it was of interest to see whether the syntaxin-4 and SNAP-25 co-localized in the same subcellular compartment. The double labeling experiment in mouse retina is shown~Fig. 7!, 
Discussion
Prominent syntaxin-4 immunoreactivity occurs in horizontal cell processes and endings in the outer retina and is enriched at the synapses with rods and cones in mouse, rat, and rabbit retinae. These studies extend earlier findings of Sherry et al.~2006! in mouse retina and also show syntaxin-4 immunoreactivity in rat and rabbit, suggesting that it is likely to be a general mammalian feature. The concentration of syntaxin-4 at processes and tips adjacent to photoreceptor synapses suggests a role in synaptic transmission. The co-localization of syntaxin-4 with SNAP-25, a binding partner in the SNARE complex, in horizontal cell processes and tips places them in the same subcellular compartment where they likely interact during vesicular fusion. Syntaxin-4 belongs to a subset of syntaxins that target vesicles to the plasma membrane~Chen & Scheller, 2001; Teng et al., 2001; Salaün et al., 2004! . Taken together, the strong expression of these two SNARE proteins in the processes and endings of horizontal cells at rod and cone terminals suggests that the horizontal cell axon and dendrites are likely sites of exocytotic activity.
Pre-or postsynaptic function?
The question arises as to what type of vesicle is trafficked to the plasma membrane via syntaxin-4 and the SNARE proteins that have been localized to the processes and endings of mammalian horizontal cells. Two possibilities are transmitter-filled vesicles or vesicles involved in postsynaptic insertion of a membrane protein at horizontal cell endings. The presence of clear-cored vesicles Dowling & Boycott, 1966; Linberg & Fisher, 1988; Spiwoks-Becker et al., 2001! In several polarized cell types, syntaxin-4 localizes and targets proteins to the basolateral plasma membrane, whereas syntaxin-2~Hansen et al., 1999 ! or syntaxin-3~ter Beest et al., 2005 ! are found at the apical surface. With respect to neurons, "basolateral" corresponds to the dendritic compartment, whereas "apical" corresponds to axons~Peters et al., 1991!. In B-type horizontal cells, syntaxin-4 appears to localize to and demarcate the processes and endings of horizontal cells in both dendrites~at cone terminals! and axon terminals~at rod terminals!, suggesting a lack of compartmentalization to dendrites or axons per se.
Syntaxin-4 is involved also in different types of secretion from non-neural cells. For example, it has been shown to play a role in insulin secretion from pancreatic islet beta-cells~Spurlin et al. & Vardi, 1999; Qin & Pourcho, 1999a , 1999b Hack et al., 2001; Pan & Massey, 2007!, although 
Other roles for syntaxins in neurotransmission
Syntaxin-1a~Hirano et al., 2005a! and syntaxin-4~this report! have been localized to horizontal cell processes, with much stronger expression of syntaxin-4 than syntaxin-1a. A role in vesicular release could utilize either or both syntaxin isoforms, because both target vesicles to the plasma membrane. A possibility is that the different isoforms impart different kinetics to the exocytosis, or perhaps that there is heterogeneity between the vesicles and their contents. Besides its established role in synaptic vesicle exocytosis Wang & Tang, 2006!, syntaxin-1a transporter-1, norepinephrine transporter, glycine transporter-10-2, glutamate transporter EAAT3; González & Robinson, 2004; Quick, 2006 !. Regulation of these transporters includes influencing transporter surface availability, turnover at the plasma membrane, and coupling to intracellular signaling pathways, as well as affecting their intrinsic transport activity~González & Robinson, 2004; Quick, 2006 !.
Site of transmitter action
The majority of the syntaxin-4 immunoreactivity is concentrated at the horizontal endings at rod and cone terminals, suggesting that it participates in horizontal cell communication with its postsynaptic partners, the photoreceptors and bipolar cells, and possibly in an autocrine fashion onto horizontal cells~Koulen et al., 1998; Feigenspan & Weiler, 2004; Varela et al., 2005 !. The current assumption is that the synaptic interactions are taking place in and around the triad synapse in the outer plexiform layer; although, the input and output sites remain undefined morphologically. The localization of various synaptic proteins~e.g., syntaxin-1a, synapsin I and complexin-I0II! to horizontal cell processes and tips at both rod and cone terminals, suggests that exocytosis could occur from both axons and dendrites of horizontal cells. The identification of the specific roles of these proteins in vesicular release will require biochemical and physiological techniques to confirm and extend the immunocytochemical localizations. Receptive field surround formation may be mediated by horizontal cell feedback onto cone terminals or by feed-forward onto bipolar cell dendrites. In mammalian retina, horizontal cell feedback onto cones has been suggested by expression of GABA A receptor subunit cDNAs by photoreceptors detected by in situ hybridization immunohistochemistry and single-cell RT-PCR Greferath et al., 1995; Grigorenko & Yeh, 1994; Vardi et al., 1998 !. Cone terminals in cat, pig, mouse and rat retinae show ionotropic GABA receptor immunolabeling~Vardi et al., 1992; Picaud et al., 1998; Pattnaik et al., 2000 !. In addition, recordings from mouse and pig cones indicate the presence of functional GABA A and GABA C receptors~Pattnaik et al., 2000!; whereas, rods in porcine retina exhibit little sensitivity to GABA~Picaud et al., 1998!. Growing evidence suggests GABA released from horizontal cells may mediate a feed-forward signal onto bipolar cell dendrites to generate antagonistic surround receptive fields~Peichl et al., In summary, we report strong expression of syntaxin-4 and SNAP-25 in the processes and endings of mammalian horizontal cells at both rod and cone terminals. This addition to the panoply of vesicular release proteins localized previously to horizontal cell processes~Hirano et al., 2005a! suggests that the molecular machinery of exocytosis is present in these cells.
